Salmonella enterica serovars are associated with diarrhea and gastroenteritis and 24 are a helpful model for understanding host-pathogen mechanisms. Salmonella 25 Typhimurium regulates the distribution of O-antigen (OAg) and presents a trimodal 26 distribution based on Wzy polymerase, Wzz ST (long chain length OAg, L-OAg) and 27 Wzz fepE (very long chain length OAg, VL-OAg) co-polymerases; however, several 28 mechanisms regulating this process remain unclear. Here, we report that LPS 29 modifications modulate the infectious process and that OAg chain length determination 30 plays an essential role during infection. An increase in VL-OAg is dependent on Wzy 31 polymerase, which is promoted by a growth condition resembling the environment of 32 Salmonella-containing vacuoles (SCVs). The virulence and stress-related periplasmic 33 protein (VisP) participates in OAg synthesis, as ΔvisP presents a semirough OAg 34 phenotype. The ΔvisP mutant has greatly decreased motility and J774 macrophage 35 survival in a colitis model of infection. Interestingly, the phenotype is restored after 36 mutation of the wzz ST or wzz fepE gene in a ΔvisP background. Loss of both the visP and 37 wzz ST genes promotes an imbalance in flagellin secretion. L-OAg may function as a 38 shield against host immune systems in the beginning of an infectious process, and VL-39 OAg protects bacteria during SCV maturation and facilitates intramacrophage 40 replication. Taken together, these data highlight the roles of OAg length in generating 41 phenotypes during S. Typhimurium pathogenesis and show the periplasmic protein VisP 42 as a novel protein in the OAg biosynthesis pathway.
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antimicrobial peptides (80, 81) . All genes cited above exhibited undetectable expression 201 levels in the ΔvisP mutant background, in contrast to WT (Fig 2A) . Complementation 202 with visP partially restored the expression of pmrB, the two PCPs and phoP (Fig 2A) . 203 Therefore, VisP has a transcriptional effect on the genes of the Wzy-dependent OAg 204 chain biosynthesis pathway, which is reflected in the OAg profile ( Fig 1A, lane 4) . As 205 the absence of VisP results in modifications of LPS, the importance of VisP was then 206 evaluated during intracellular survival within J774 macrophages. We performed distinct 207 macrophage cell survival assays (67, 82, 83) to analyze the different stages of bacteria-208 macrophage interactions during the infection process. First, we performed a 209 phagocytosis assay to quantify the bacterial load directly engulfed by J774 macrophages 210 without extra time after bacteria-macrophage interactions and associated the load with 211 the OAg pattern observed in the ΔvisP mutant ( Fig 1A, lanes 4 and 5) . The absence of 212 longer OAg forms in the ΔvisP mutant resulted in an increase in macrophage bacterial 213 uptake of more than one order of magnitude compared to WT levels ( Fig 2B) . A similar 214 result was observed for the OAg-absent ΔwaaL mutant, which had been previously 215 reported (35) as evidence of the role of OAg chains in macrophage evasion. 216 Complementation with the visP gene restored the phenotype to WT levels ( Fig 2B) . 217 Then, we evaluated macrophage uptake and survival during a 3-h intracellular 218 replication assay. In contrast to the previous assay, the ΔvisP single mutant showed a 219 statistically significant decrease in J774 macrophage internalization of 1.5 orders of 220 magnitude compared to that in the WT (Fig 2C) , as previously reported (61). visP gene 221 complementation restored the WT phenotype ( Fig 2C) . An extended 16-h 222 intramacrophage replication assay was subsequently performed ( Fig 2D) to evaluate 223 OM landscape remodeling in the SCV environment, which is similar to N-minimal 224 growth conditions ( Fig 1A) . The semirough OAg ΔvisP mutant strain exhibited a 225 decrease of a half-order of magnitude compared to the WT strain ( Fig 2D) , a much 226 smaller difference than that in the previous assay ( Fig 2C) . ΔvisP mutant 227 complementation restored the WT intramacrophage replication phenotype (Fig 2D) . 228 After observing these different phenotypes, gene expression levels from specific targets 229 associated with intramacrophage survival and replication were evaluated to investigate 230 whether the observed differences were direct effects of OAg and other SCV 231 environmental features. Initially, we assessed the expression levels of sifA, an important 232 SPI-2 TTSS effector related to SCV maintenance and the formation of cellular 233 Salmonella-inducing filaments (84), under N-minimal bacterial growth conditions. The
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ΔvisP mutant presented extremely low levels of sifA expression compared with the WT 235 levels ( Fig 2E) . Expression levels similar to WT were restored by visP complementation 236 ( Fig 2E) . The SPI-3 gene mgtB encodes an Mg 2+ transporter ATPase related to 237 intracellular adaptation and survival (85, 86) . We observed very low mgtB expression 238 levels in the ΔvisP mutant under N-minimal growth conditions compared to the WT 239 levels ( Fig 2F) . The complemented strain visP+ partially restored mgtB expression to 240 WT levels ( Fig 2F) . The transcriptional downregulation of the genes sifA and mgtB was 241 in accordance with the reduced 3-h intracellular replication phenotype of the ΔvisP 242 mutant, indicating a clear decrease in S. Typhimurium virulence. Furthermore, the 243 absence of the OAg chain reduced the protection for this strain against macrophage-244 mediated phagocytosis. However, the ΔvisP mutant was able to remodel its OM under 245 conditions resembling the SCV environment, producing longer OAg forms; however, 246 this production did not reach WT levels (Fig 1A, lane 5; and S1D Fig to the results in the WT strain, the change in wzy expression in the ΔvisP/Δwzz ST was 259 similar to those in the respective PCP single mutants, in contrast to ΔvisP/wzz fepE , which 260 exhibited lower wzy expression than Δwzz fepE (Fig 1B) . VisP and the PCPs participate in VisP and any OAg PCP, resembling WT levels ( Fig 1B) . Moreover, these three proteins 266 appear to generate a balance in which VisP, Wzz ST , and Wzz fepE are important during 267 wzy expression. PCP gene expression levels in both double mutants compared to WT 268 under different growth conditions were evaluated to explore the transcriptional 269 regulation of the remaining PCP. ΔvisP/wzz fepE exhibited a decrease in wzz ST levels in 270 LB medium, whereas in N-minimal medium, its expression increased compared to that 271 in the WT strain ( Fig 3A) . In contrast, ΔvisP/Δwzz ST displayed wzz fepE expression levels 272 similar to those observed in the WT strain in LB medium, whereas the wzz fepE 273 expression level greatly decreased in N-minimal medium ( Fig 3A) . Differentiated 274 intestinal conditions also play an essential role in the absence of VisP, providing partial 275 complementation of the VL-and S-forms in the ΔvisP/Δwzz ST mutant under N-minimal 276 growth conditions ( Fig 3B) . Transcriptionally, N-minimal medium appeared to favor 277 the Wzz ST PCP, whereas wzz fepE expression was decreased in this medium. LB medium 278 favored Wzz fepE , whereas wzz ST was more highly expressed in N-minimal growth 279 conditions, but this expression always occurred in the absence of VisP. However, the 280 VL-and S-forms were clearly phenotypically distinguishable under N-minimal 281 conditions, which may be correlated with wzy overexpression ( Fig 1B) . Together, these 282 results indicate complementary functions of the two PCPs based on distinct 283 surroundings and nutrient conditions.
284
Novel OAg length control 285 The ΔvisP mutant was previously reported to have differentiated lipid A 286 modification mediated by the LpxO enzyme (87). The single mutant ΔvisP also showed 287 a clearly distinct OAg phenotype with different patterns depending on the growth 288 condition ( Fig 1A) . The two double mutants of visP and one of the genes encoding a 289 PCP protein showed differentiated OAg profiles compared with those of their respective 290 single PCP gene mutants ( Fig 3B and 3C ). The ΔvisP/wzz fepE strain did not show the is the remaining PCP in this background and may exert this function by cross-297 complementation. Moreover, the S-forms were very noticeable between different 298 growth conditions; specifically, the S-forms showed a well-defined profile in N-299 minimal medium ( Fig 3B) . Together, these results suggest that the novel role of Wzz fepE 300 seems to be observed only in the absence of periplasmic VisP.
301
Longer OAg facilitates intestinal colonization 302 S. Typhimurium causes gastroenteritis and promotes colitis in murine models 303 (88, 89). Therefore, we evaluated the effects of OAg modal length patterns in an S. 304 Typhimurium colitis model via the oral route in streptomycin-pretreated C57BL/6 mice 305 (90). First, the semirough OAg phenotype (91, 92), which was observed in the ΔvisP 306 mutant, was attenuated by more than two orders of magnitude during in vivo 307 colonization compared with the WT levels, as noted both 1 and 2 days postinfection 308 (p.i.) (Figs 4A and 4B) . These results were similar to those previously described in a 309 Balb/C mouse colitis infection model (61). In the in vivo assays, the ΔvisP/wzz fepE 310 double mutant showed an increase in colonization of more than 1 order of magnitude in 311 comparison with WT levels at day 1 p.i. (Fig 4A) . These data demonstrate that the VL-
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OAg-absent ΔvisP/wzz fepE mutant strain was better able than WT to adapt to host 313 defenses and intestinal colonization in vivo at day 1 p.i. (Fig 4A) . However, this mutant 314 showed a decrease in colonization of half of an order of magnitude at day 2 compared to 315 the level at day 1 p.i. (Figs 4A and 4B) . The ΔvisP/wzz ST mutant presented a more 316 prominent two-order-of-magnitude increase between day 1 and 2 p.i. during murine 317 intestinal colonization (Figs 4A and 4B) . This limited colonization may be due to the 318 absence of VL-OAg in the ΔvisP/wzz fepE mutant strain. The only exception was the 319 ΔvisP/wzz ST double mutant strain, which showed higher colonization at day 2 p.i. than 320 day 1 p.i. (Figs 4A and 4B) . In addition to intestinal colonization fitness, we measured 321 the transcriptional levels of two distinct interleukins, IL-17A and IL-22, to better assess 322 the induction of inflammation by the following strains: WT, the single mutants Δwzz fepE 323 and Δwzz ST , and the double mutants ΔvisP/wzz fepE and ΔvisP/wzz ST at two days p.i. in the 324 colon ( Fig 4C and 4D ). IL-17A mediates neutrophil recruitment (93, 94) and suppresses 325 S. Typhimurium colonization in enteric mucosa by inducing the production of 326 antimicrobial peptides at the epithelial surface (95). The transcriptional levels of Il17a 327 in the Δwzz fepE and ΔvisP/wzz ST strains were similar to those in WT, whereas Δwzz ST 328 infection resulted in a twofold increase ( Fig 4C) . The double mutant ΔvisP/wzz fepE 329 exhibited a twofold reduction in Il17a expression in the colon compared to that in the 330 WT strain ( Fig 4C) , which may be related to the success of the initial intestinal 331 colonization at day one p.i. (Fig 4A) . IL-22 is responsible for inducing the production of 332 antimicrobial proteins in the mucosa, which sequester metal ions required for the 333 mechanism of evasion by S. Typhimurium, allowing this pathogen to outcompete the 334 microbiota, enhancing its colonization (96). Interestingly, both VL-OAg-absent strains,
335
Δwzz fepE and ΔvisP/wzz fepE , induced less Il22 expression than WT ( Fig 4D) , whereas the 336 Δwzz ST and ΔvisP/wzz ST strains exhibited higher induction of Il22 expression than WT 337 ( Fig 4D) . During Salmonella-induced colitis, VL-OAg also plays a role in bile salts 338 resistance (97). Accordingly, we performed a bile resistance assay (98) (102), which are responsible for class 3 transcription, and the gene encoding 366 flagella proton motive force rotation, motA (103, 104). The ΔvisP mutant showed very 367 low levels of all tested flagellar genes (Figs 5A and 5B), and the complemented strain 368 visP+ restored WT expression levels. We performed a swimming assay in semisolid 369 agar to assess the motility of the strains and evaluate bacterial movement in vitro; after 370 8-h assays, five strains presented phenotypes similar to WT ( Fig 5B) . The ΔvisP single 371 mutant showed decreased motility compared to the WT levels. The complemented strain 372 visP+ exhibited restored motility ( Fig 5B) . The Salmonella flagellin FliC, which constitutes the flagella filament subunit, was evaluated in terms of FliC protein levels 374 via an immunoblotting assay with an anti-FliC monoclonal antibody and fliC gene 375 expression levels via qRT-PCR. The FliC protein was not detected in ΔvisP.
376
ΔvisP/wzz fepE presented a slightly reduced amount of flagellin relative to WT levels, and 377 ΔvisP/wzz ST overproduced flagellin FliC at abundant levels ( Fig 5B) . The protein levels 378 matched fliC gene expression levels in all strains ( Fig 5B) . Considering the OAg forms, 379 the semirough OAg strain ΔvisP appeared to present less functional flagella, whereas 380 the strains with more prominent VL-OAg, such as ΔvisP/wzz ST , which have excess 381 flagellin, did not seem to employ this abundant flagellin in a more efficient way than the 382 WT strain ( Fig 5B) . Here, we have demonstrated the outstanding mechanism by which S. 397 Typhimurium differentially shapes its OM landscape during conditions that resemble 398 the intracellular environment. Clearly, this mechanism involves modifications of 399 distinct OAg chain patterns, with increases in the VL-OAg (>100 RUs) and S-OAg (less 400 than 16 RUs) forms ( Fig 1A) of LPS. These environmental stimuli-mediated LPS observed that wzy overexpression is mediated by N-minimal condition stimuli ( Fig 1B) .
420
Taken together, longer OAg chains result from the increase in Wzy that arises from the 421 OAg polymer elongation rate, which is due to its distributive mechanism of action (54) 422 as predicted by Michaelis-Menten enzyme kinetics. Therefore, WT S. Typhimurium Fig 1A, lane 4) , which was caused by Wzy and 431 PCP deficiency ( Fig 1B) . However, the Wzx flippase and WaaL OAg ligase do not 432 appear to be affected, nor is the OM LPS export apparatus, as evidenced by the presence 433 of LPS with at least a single OAg RU, such as in the S-OAg form ( Fig 1A, lane 4) . The pmrB; these gene levels were equally downregulated in the ΔvisP mutant (Fig 2A) . 443 Previously, these two TCSs were not considered important for sensor kinase QseC system of S. Typhimurium, the system for ECA binding to LPS has its own polymerase 470 (WzyE) and PCP protein (WzzE), which have been characterized only by genomic 471 studies (110). Together, these findings indicate bacterial membrane heterogeneity and 472 the simultaneous formation of glycolipid structures in the periplasm, a transient and rich 473 environment with many distinct proteins that may interact with one another and 474 participate in similar synthesis processes.
475
The ΔvisP single mutant displayed a clear deficiency during mouse gut 476 colonization in our colitis infectious model (Fig 4) . The absence of VisP causes strong 477 acidic pH susceptibility, as previous in vitro tests have shown that its absence in ΔvisP 478 affects survival under acidic conditions (61). In E. coli, longer OAg forms maintain 479 membrane stability and low pH tolerance (111). Furthermore, the ΔvisP strain is 480 defective in bile salts resistance ( Fig S2C) , in which OAg longer forms, primarily VL-
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OAg, have an important role (97). Thus, the semirough OAg phenotype of the ΔvisP 482 strain may increase its susceptibility to the low pH of the stomach, as well as bile salts, 483 reducing the bacterial load that reaches the intestine. Moreover, a phenotype with 484 reduced levels of highly immunogenic proteins, such as FliC flagellin, may eliminate 485 the ability of the ΔvisP strain to elicit inflammation processes, thus affecting its initial 486 colonization ability (5, 6, 8-16, 19-22, 29, 112) . (5, 6, 8-16, 19-22, 29, 112) . Therefore, a few h p.i., the host started to attack the 493 pathogen through cells of the innate immune system. OAg chains function 494 indispensably to trick macrophage recognition and consequent phagocytosis (Fig 2B) .
495
The OAg rough phenotype is caused by complete OAg absence in the OM as a result of 496 impairment of Wzx flippase or WaaL ligase function (35, (113) (114) (115) (116) (117) (118) . The semirough 497 OAg phenotype is characterized by LPS with only one OAg RU, which occurs due to 498 Wzy malfunction (91). Both phenotypes result in a defective Gram-negative bacterial 499 membrane, which enables more efficient antibody opsonization and activation of the 500 complement cascade, culminating in increased macrophage-mediated phagocytosis (29, 501 30, 35, 55, 91, 119) , as observed here in the ΔvisP strain ( Fig 2B) . TCSs activate cascade responses to defend against host enzymes and counterattack by 506 coating the SCVs (28, 40, 77-79, 81, 82, 120, 121) . The modulation of these responses 507 triggers SPI-2 T3SS, and its gene expression is essential because it encodes effector 508 proteins that are injected into host cells to modulate and manipulate the cell machinery 509 for the bacterium's benefit (69) (70) (71) 84) . 510 We showed that the long forms of OAg in S. Typhimurium play important roles 511 within macrophages (Fig 2) . Initially, we demonstrated that S. Typhimurium OM 512 remodeling is driven by SCV environments resembling stimuli conditions, resulting in 513 increased OAg chains, primarily the VL-OAg pattern ( Fig 1A) . The ΔvisP strain has a 514 semirough OAg phenotype and is less protected within macrophages, as reflected in its 515 intracellular survival levels ( Fig 2C) . However, the ΔvisP mutant is able to produce 516 OAg longer forms under conditions resembling SCVs, but this production occurs to a 517 lesser extent than it does in the WT strain ( Fig 1A) . Although ΔvisP presents low 518 expression of important intramacrophage survival genes, such as sifA and mgtB, its OM 519 is remodeled with OAg long forms in the SCV, conferring sufficient protection to 520 reduce its phenotypic differences from the WT strain in a 16-h assay (Fig 2D) .
521
Moreover, SPI-2 TTSS is assembled over longer periods, and some of its structures are 522 detected only after 5 h upon SPI-2 gene expression induction (122). S. Typhimurium in 523 intracellular macrophages may overproduce VL-OAg chains, which may help SPI-2 524 TTSS build and promote the stability of the SseBC appendage structure, a gigantic 525 structure that is larger than 160 nm (122). Furthermore, SPI-2 TTSS is sheathed by 526 protein effectors during and after its assembly, approaching SCV membranes and 527 reaching the macrophage cytoplasm to exert its function in SCV maintenance (122).
528
Consequently, VL-OAg chains may also help these effector proteins move across SPI-2
529
TTSS. An analogous function for VL-OAg was proposed in giant adhesin SiiE 530 secretion, which pulls its structure through ionic forces mediated by Ca 2+ cations 531 present at the OAg chains (34). L-OAg chains employ an initial protective role and may 532 provide more support for VL-OAg, maintaining LPS stability as a whole. More 533 importantly, longer OAg forms confer strong protection against macrophage 534 phagocytosis to S. Typhimurium, allowing the bacterium to survive in the phagosome 535 and thus creating a propitious environment for its replication. Taking all these 536 observations into consideration, we propose a model in which S. Typhimurium 537 strengthens its protection by increasing OAg longer forms inside the phagosome 538 through the overproduction of Wzy ( Fig 6A) . This process occurs via transcriptional 539 control of wzy, which may be mediated by VisP and PCP protein interactions in the 540 periplasm, creating a signal transduction cascade ignited by SCV environmental stimuli 541 ( Fig 6A) .
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All PCP mutant strains caused similar Il17a expression levels in a mouse colitis 543 model to those in the WT, with a slight reduction for wzz fepE mutants ( Fig 4C) . In this 544 manner, we presume that the levels of intestinal inflammation and, more importantly, 545 levels of neutrophil transmigration to the intestinal lumen are comparable for all strains.
546
Nonetheless, distinct Il22 transcription patterns were observed, with a significant 547 decrease in mice infected by VL-OAg-absent strains ( Fig 4D) . IL22 induces the 548 production of antimicrobial proteins responsible for metal ion starvation, such as 549 lipocalin-2 (94). S. Typhimurium can overcome this host defense mechanism and thus 550 outcompete the affected microbiota (96). Since infection with strains presenting VL- VisP caused a direct defect during swimming. After gene complementation, the 562 swimming ring size was restored to WT levels ( Fig 5B) . The ΔvisP single mutant had 563 very low expression levels of the master regulator flhDC, class 2 sigma factor fliA, class 
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These two proteins form the ion-conducting stator complexes necessary for flagellar 572 rotation (103, 104).
573
Mutation of either wzz gene in the ΔvisP mutant background restored flagella 574 gene expression to WT levels and the presence of the FliC protein in bacterial 575 membrane extracts ( Fig 5B) . Previously, PCP proteins have been shown to have a dual 576 regulatory role in motility networks in bacterial LPS modifications. The Wzz ST protein 577 is required to maintain the balance of 4-aminoarabinose and phosphoethanolamine in 578 Salmonella lipid A modifications, which are mediated by ArnT and EptA, respectively 579 (76). In C. jejuni, a gene encoding a phosphoethanolamine transferase was directly 580 correlated with lipid A modifications and the flagellar rod protein FlgG (124).
581
The ΔvisP single mutant lacked all flagella parameters evaluated here, such as 582 the expression of various flagella genes and reduced production of FliC flagellin. These 583 deficiencies may be directly linked to its attenuation in our in vivo and in vitro tests, 584 such as in phagocytosis and short-and long-period macrophage survival. The
585
ΔvisP/wzz ST double mutant exhibited prominent overproduction of the flagellin FliC 586 compared to WT levels; however, this overproduction apparently did not influence its 587 motile phenotype (Fig 5B) . The presence of FliC protein indicates mature flagella, and 588 overproduction of the filament suggests that the double mutant strain ΔvisP/wzz ST 589 presents more flagella or longer filaments than WT, although this change may not be 590 reflected as a more efficient swimming mechanism ( Fig 5B) . Thus, we propose that VL-591 OAg with sizes over 100 nm (60) physically interact with the rotating flagellum, as the 592 hook structure is smaller than approximately 55 nm (125), to reach the maximum 593 plateau of motility efficiency even in the presence of more flagella or longer filaments 594 ( Fig 6B) . Previous studies have demonstrated the importance of LPS for surface or 595 swarming motility (126), mainly due to the wettability of LPS. Moreover, the increase 596 in expression levels of OAg related genes occurs concomitantly with the expression of 
